Simultaneous monitoring of singlet and triplet exciton variations in solid organic semiconductors driven by an external static magnetic field The research field of organic spintronics has remarkably and rapidly become a promising research area for delivering a range of high-performance devices, such as magnetic-field sensors, spin valves, and magnetically modulated organic light emitting devices (OLEDs). Plenty of microscopic physical and chemical models based on exciton or charge interactions have been proposed to explain organic magneto-optoelectronic phenomena. However, the simultaneous observation of singlet-and triplet-exciton variations in an external magnetic field is still unfeasible, preventing a thorough theoretical description of the spin dynamics in organic semiconductors. Here, we show that we can simultaneously observe variations of singlet excitons and triplet excitons in an external magnetic field, by designing an OLED structure employing a singlet-exciton filtering and detection layer in conjunction with a separate triplet-exciton detection layer. This OLED structure enables the observation of a Lorentzian and a non-Lorentzian line-shape magnetoresponse for singlet excitons and triplet excitons, respectively. V C 2014 AIP Publishing LLC.
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During the past two decades, organic semiconductors have been investigated intensively for the development of organic light emitting devices (OLEDs), [1] [2] [3] organic photovoltaic cells (OPVs), 4 and organic transistors (OTs). 5 Generally, organic semiconductors have weak spin-orbit interaction, hence, they possess long spin-relaxation time. 6 Such feature has triggered a promising research field, namely, organic spintronics, [7] [8] [9] [10] [11] [12] [13] [14] which has attracted great interest due to its potential applications in displays, data storage, environmental sensors, and photovoltaics. Recently, it has experimentally been observed that an external magnetic field affects the singlet and triplet exciton ratio in organic semiconductors, and the exploitation of such spintronic effects could bring enormous benefits to the fields of OLEDs, OPVs, and OTs. [15] [16] [17] [18] For example, applying the small magnetic field could enable the large amplification of either singlet or triplet excitons, leading to a significant increase in the efficiency of the electroluminescence in OLEDs. While many proposed microscopic physical models, based on spin exchange, spin scattering, and spin mixing, are conceptually straightforward, the simultaneous monitoring of singlet and triplet exciton variations in solid organic semiconductors driven by an external static magnetic field has not been achieved experimentally. 10, 13, 19, 20 This is simply because the relaxation of an excited triplet to a singlet ground state of different spin symmetry is forbidden. Therefore, the triplet excitons do not contribute to the magnetoelectroluminescence (MEL) in conventional OLEDs. To investigate the impact of an external magnetic field on both the fluorescence and phosphorescence of OLEDs, Reufer et al. have proposed an approach based on embedding phosphorescent sensitizers into organic semiconductors and measuring the electroluminescence spectra for different external magnetic fields. 21 However, the internal energy transfer between singlet and triplet excitons makes such an approach inaccurate for the discrimination of singlet-exciton variation from triplet-exciton variation, because both singlet and triplet excitons contribute to electrophosphorescence. 22 So far, the observation of triplet-exciton variation in an external magnetic field is still a challenging topic.
In the present work, we propose an approach, based on the use of singlet-exciton filtering and detection layer and a triplet-exciton detection layer in order to block the internal energy transfer between singlet excitons and triplet excitons, as illustrated in Fig. 1 . This approach enables simultaneous monitoring of singlet and triplet exciton variations in an external magnetic field. Two proof-of-concept OLED structures are developed, and the experimental results confirm that the relationship governing the singlet exciton variation versus magnetic field is a Lorentzian line-shape, and show that the triplet exciton variation with the magnetic field is a quasi-linear non-Lorentzian line-shape.
The device fabrication processes are described as follows: 220-nm indium tin oxide (ITO)-coated glass substrates were cleaned in detergent, acetone, and ethanol alternately, and followed by ultraviolet (UV)-Ozone-treatment. The substrates were then transferred to a high vacuum chamber. The organic semiconducting materials used here include Tris-(8-hydroxyquinoline) aluminum (Alq 3 The doped layers in device 1 and device 2 were fabricated through co-evaporating the host material and the dye material. The doping ratios were controlled by tuning their evaporating rates. The fabricated devices were then encapsulated in a N 2 glove box with oxygen and water content less than 1 ppm. Spectra of electroluminescence were measured using a PR705 spectrometer. An electromagnet, generating a magnetic field of up to 200 mT, was used for investigating the effect of magnetic-field on exciton formation. The magneto-fluorescence and magnetophosphorescence were measured by placing the developed OLEDs in a magnetic field generated by the electromagnet. The PR705 spectrometer was about 1.5 m away from the electromagnet, ensuring its sensitivity to the wavelength at this distance was not affected by the electromagnet. The observed exciton formation was found to be independent of the orientation of the magnetic field with respect to the OLEDs. Fig. 2 shows the magneto-phosphorescence of device 1: ITO/NPB(40 nm)/PtOEP doped Alq 3 (10 nm)/Alq 3 (80 nm)/ LiF(0.8 nm)/Al. Alq 3 and NPB were, respectively, chosen as the electron-transporting and light-emitting layer and the holetransporting layer, and an aluminum film was chosen as the cathode. To increase the electron injection efficiency, a thin layer of LiF buffer was inserted between the Al and Alq 3 layers, as typically done in conventional OLEDs. PtOEP was used as phosphorescent dye in Alq 3 hosts with a volume concentrating ratio of 6%. Magneto-phosphorescence or magneto-
, where Ph and Fl denote the electro-phosphorescence and electro-fluorescence, respectively, and Ph(B)(Fl(B)) and Ph(0)(Fl(0)) are the electrophosphorescence (electro-fluorescence) with and without an external magnetic field of B, respectively. As shown in Fig. 2 , for magnetic fields <25 mT, fast increase in magnetophosphorescence is displayed, whereas for higher magnetic fields, the increase in magneto-phosphorescence is quasi-linear with a small slope.
As shown in Figs. 1(a) and 1(b), there are two kinds of internal energy transfer between the host molecules and phosphorescent sensitizers in device 1, namely, a conventional phosphorescent-sensitizer-doped OLED. 6 One is long- 
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range F€ orster energy transfer occurring between singlet states, and the other one is short-range Dexter transfer occurring between the triplet states. Generally, in material chemistry, the phosphorescent sensitizer has heavy metal elements, such as Pt and Ir. The heavy metal elements introduce strong spin-orbit coupling which not only reduces the phosphorescence life time but also enhances the efficiency of intersystem crossing (ISC) from singlet excited states to triplet excited states. Consequently, both singlet excitons and triplet excitons in host molecules can excite triplet excitons in sensitizers as illustrated in Fig. 1(b) . Therefore, as discussed in Ref. 22 , the variation of phosphorescence in an external magnetic field cannot purely reflect the triplet-exciton variation in the host material, because besides the triplet excitons, the singlet excitons from the host molecules also contribute to the phosphorescence emitted by the phosphorescent sensitizers.
As discussed above, both singlet excitons and triplet excitons in the host material contribute to the electro-phosphorescence emitted by the phosphorescent sensitizer through F€ orster energy transfer, Dexter Transfer, and ISC. Therefore, it is inferable that the magneto-phosphorescence in Fig. 2 consists of two components, namely, singlet-exciton variations and triplet-exciton variations. It is easy to detect the response of singlet excitons to external magnetic fields, since most of host organic semiconductors are fluorescent materials. To distinguish triplet-exciton variation from singletexciton variation, an OLED structure (device 2), shown in Fig. 1(c) , is proposed and developed, and its energy diagram is shown in Fig. 1(d) . The OLED structure has three important features, namely, (1) it has a singlet-filtering layer in front of the phosphorescent-dye-doped layer; (2) the distance between the two doped layers is longer than the characteristic length of F€ orster energy transfer; (3) the fluorescent dye is appropriately selected to ensure that the electroluminescence spectra from the two doped layers do not overlap. The 1 st and 2 nd features ensure that the internal energy transfer between singlet excitons and triplet excitons in the fluorescent-dye-doped layer is avoided. 6 As illustrated in Figs. 1(c) and 1(d), the phosphorescence is mainly due to triplet excitons that diffuse from the singlet-filtering layer to the phosphorescent-dye-doped layer. Consequently, the fluorescentdye-doped layer (S-Layer) is responsible for singlet filtering and detection whereas the phosphorescent-dye-doped layer (T-Layer) performs triplet detection. Note that the 3 rd feature ensures that the changes in fluorescent and phosphorescent spectra are independent, thus the variations of singlet excitons and triplet excitons can be measured simultaneously. C540 doped Alq 3 and PtOEP doped Alq 3 were chosen as the S-Layer and T-Layer, respectively. The spacing between the S-Layer and T-Layer was 20 nm, which is much longer than the characteristic 8-nm radius of F€ orster energy transfer in Alq 3 . 23 It is important to note that the 1% volume concentration ratio of C540 in the S-Layer was properly chosen to ensure near 100% singlet-filtering efficiency and that no trapping states were introduced. In this experiment, it was found that 1% volume concentration ratio can satisfy the above two requirements (see supplementary material 24 ). The structure of device 2 is as follows: ITO/NPB(40 nm)/C540 doped Alq 3 (1%, 10 nm)/Alq 3 (20 nm)/PtOEP doped Alq 3 (4%, 10 nm)/Alq 3 (50 nm)/LiF(0.8 nm)/Al(100 nm). Fig. 3(c) shows the change of spectrum intensity for without and with an external magnetic field B ¼ 50 mT. 
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phosphorescence peak wavelength 650 nm generated by the S-Layer and T-Layer, respectively. It is important to note that the changes in fluorescence peak and phosphorescence peak due to the same external magnetic field are not the same. According to the above-mentioned definition of DFl/Fl and DPh/Ph, Figs. 3(d)-3(f) show the DFl/Fl and DPh/Ph spectra for three different external magnetic fields, namely, B ¼ 20 mT, 140 mT, and 200 mT. For B ¼ 20 mT, DFl/ Fl ¼ 3.5% and DPh/Ph ¼ 0.6%. As illustrated in Figs. 1(c)  and 1(d) , the magneto-fluorescence is generated by singletexciton variation, while the magneto-phosphorescence is due to triplet-exciton variation. Note that the variations of singlet and triplet excitons in the host material are simultaneously and independently monitored. Also note that the experimental results shown in Fig. 3(g) confirm that the balance between singlet and triplet excitons is changed with the application of an external magnetic field. Fig. 3(e) shows that for a 140-mT magnetic field, DFl/Fl ¼ 4.0% and DPh/Ph ¼ 4.1%. However, when the magnetic field is further increased, the tripletexciton variation becomes higher than the singlet-exciton variation, as evident from Figs. 3(f) to 3(g).
Noticeably, the e-h pair model has been used to qualitatively explain the MEL of organic optoelectronic devices. 25 According to the e-h pair model, the external magnetic field can influence the ISC between the singlet and triplet e-h pair states, where the e-h pair is referred to the electron and hole located on different molecules and attracted to each other through Coulomb forces. Based on the e-h pair model, the change in triplet population must be equal but of opposite polarity to the change in the singlet population. However, our observed result showed that the triplet population increases quasi-linearly with the external magnetic field, whereas the e-h pair model predicts a decrease in triplet population. Therefore, to explain this behavior, other interactions occurred on excitonic levels rather than the e-h pair levels have to be considered. Sheng et al. have developed a model to quantitatively explain the impact of magnetic field on hyperfine interaction and spin-orbit coupling in organic semiconductors. 12, 13 However, in most OLED structures, triplet excitons, which are more sensitive to spin-orbit coupling, do not luminesce and hence cannot contribute to the MEL. This theoretical model was only indirectly verified by fitting the theoretical results with the measured organic magnetoresistance rather than the MEL. Therefore, the OLED structure (device 2) proposed in this work enables direct verification of the model through fitting the theoretical results to the measured MEL caused by the co-emission from both singlet as well as triplet exciton recombinations.
The combined Hamiltonian for the system under consideration is given bŷ
x 0 ¼ g s l B B= h, where l B is the electronic Bohr magneton, g L and g s are the orbital and spin g factors, respectively,L andS are the electronic orbital and spin angular momentums, respectively,Ĩ is the proton spin, a and b are the hyperfine coupling constant and spin-orbit interaction strength, respectively.
Using Eq. (1), and following the analysis reported in Refs. 12 and 13, yields:
B 0 and B 1 are parameters related to the hyperfine interaction scale and the spin-orbit coupling scale, respectively. From Eq. (2), one can see that, in principle, both components, namely, the hyperfine interaction and spin-orbit coupling, could contribute to the MEL. Figure 4 shows experimental theoretical fits for magnetophosphorescence and magnetofluorescence using the two-mechanism model of Eq. (1) and the expression in Eq. (2) . Excellent agreement between experimental and theoretical data is observed. The measured magneto-phosphorescence of device 1 reveals that the MEL consists of two components, namely (i) a relatively steep component due to the hyperfine interaction, which is dominant at low magnetic fields and (ii) a component due to spinorbit coupling, which is dominant at high magnetic fields.
Fitting the experimental data with Eq. (2) yields B 0 ¼ 4.5 mT and B 1 ¼ 75 mT, which are consistent with the fitted values for OLEDs. 12, 13, 19, 26 The first term and second term in Eq. (2) are crucial for predicting the singlet-exciton variation and triplet-exciton variation in external magnetic fields shown in Fig. 3(g) . For device 2, as shown in Fig. 4 , the red line and the blue line through the data points are fits using the hyperfine interaction term Finally, although the singlet-exciton and triplet exciton variations can be well described by the theory based on the classic model that considers hyperfine interaction and spinorbit coupling simultaneously, the details of the spin FIG. 4 . Experimental and theoretical fits for magnetophosphorescence and magneto-fluorescence. The black, red, and blue lines through the measured data points are fits using the two-mechanism model, hyperfine interaction model, and spin-orbit coupling model, respectively. dynamics, regarding how the hyperfine interaction and the spin-orbit coupling influence the singlet variation and triplet variation, are still unclear. This requires advanced modeling taking into account quantum correlation. Recently, Si et al. have discussed the quenching of the quantum correlation between the carrier's spin and its local environment in the presence of an external magnetic field. 27 According to their theory, applying an external magnetic field can increase the possibility of carrier delocalization in organic semiconductors, and many parameters are linked to the delocalization process such as hopping rate, and charge detrapping through the triplet exciton-charge interaction. For example, if the hopping rates of free electrons and holes increase, the encountering probability between the electrons and holes is increased accordingly. Therefore, as predicted from the theory, both the singlet exciton formation rate and triplet exciton formation rate increases by applying an external magnetic field, which is consistent with our observation.
In conclusion, we have proposed and developed an OLED structure employing a singlet-exciton filtering and detection layer in conjunction with a triplet-exciton detection layer, allowing simultaneous observation of singlet and tripletexciton variations in an external magnetic field. Experimental results have confirmed that the magnetoelectroluminescence of OLEDs driven by external magnetic field comprises the Lorentzian singlet variation term and a non-Lorentzian triplet variation term. Such experimental results will help researchers to better understand the spin dynamics of organic semiconductors. In addition, the dependence of singlet-exciton variation on the magnetic field is different from that of the tripletexciton variation, thus, it is possible to manipulate the electroluminescent emission colors of the proposed OLED structure through an external magnetic field. The observed quasi-linear non-Lorentzian triplet variation is especially useful for the development of future organic magnetic-field sensors.
